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ABSTRACT  
The development of NiO-based molecular photocathodes is attracting growing interest in the 
field of dye-sensitized photoelectrochemical cells (DS-PEC) for efficient conversion of sunlight 
into fuel. For this purpose different strategies are developed to assemble the molecular 
components together in order to build functional devices. Here, an original dye-catalyst 
supramolecular assembly was designed and obtained via axial coordination of a cobalt-based 
H2-evolving catalyst, i.e. a cobaloxime complex, to a pyridyl-functionalized ruthenium-
diacetylide photosensitizer. The new supramolecular assembly was successfully employed for 
the construction of efficient NiO-based photocathodes for solar hydrogen production. We report 
a joint experimental and theoretical study of the new photocatalytic system, including 
electrochemical and XPS analyses. Photo-electrochemical generation of H2 under pertinent 
aqueous conditions eventually led to a faradaic efficiency of 27 %. 
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INTRODUCTION  
The development of renewable energies is a major issue to be addressed in response to the problem 
of profuse and environmentally friendly energy for large-scale sustainable development. A realistic 
energy conversion method is the use of efficient photo(electro)catalytic systems that can convert the 
energy of the sun into storable chemical fuels, typically by splitting water into oxygen and 
hydrogen.[1, 2] In particular, hydrogen presents many advantages of being produced and used as a 
‘solar fuel’,[3, 4]  e.g. it presents a high heat of combustion and can be used on demand in fuel cells 
that produce a harmless combustion by-product, that is water.[5] Moreover, the use of hydrogen limits 
the one of fossil fuels and subsequent emissions of greenhouse gases. All these reasons have been 
a strong incentive for the development of efficient homogeneous systems able to convert solar 
energy and water into hydrogen. These photocatalytic systems typically rely on dye/catalyst 
molecular assemblies in association with a sacrificial electron donor (SED) such as 
triethylamine (TEA) or triethanolamine (TEOA) in mixed organic/aqueous solutions.[6-9] Here 
it is worth mentioning that efficient H2-evolving molecular catalysts are mostly based on cobalt 
complexes or other earth-abundant metals like nickel or iron.[10-13] In particular, cobaloximes 
proved to be candidates of choice for both efficiency and stability reasons.[6-9, 14, 15] 
More recently, molecular dyes and catalysts were grafted onto wide band gap semiconductors 
in order to build dye-sensitized photoelectrochemical cells (DS-PEC) for efficient conversion 
of sunlight into fuel.[16-20] The development of NiO-based photocathodes sparks growing 
interest in this field[21-23] and different strategies were reported to assemble the molecular 
components together in order to build functional devices; these are typically dye-sensitized 
photocathodes combined with a catalyst in solution,[24-26]  co-grafted dye/catalyst systems,[27-31]  
layer-by-layer assemblies of the dye and the catalyst[32-35] and finally covalent or 
supramolecular dye/catalyst assemblies onto the electrode.[36-38] In the latter case, an attractive 
construction involves axial coordination of a pyridyl-substituted dye to a cobaloxime 
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catalyst.[36]  This strategy was first reported by one of us for homogeneous hydrogen production 
by related cobaloxime-based supramolecular photocatalytic assemblies.[6,7] As far as the dye is 
concerned, two families of light-harvesting units are mainly used: organic push-pull 
chromophores and ruthenium tris-bipyridine derivatives. Recently, we demonstrated the 
relevance of using original push-pull ruthenium-diacetylide complexes as photosensitizers in 
NiO-based photocathodes for p-type dye-sensitized solar cells and photo-electrochemical 
cells.[39, 40]  Ruthenium-diacetylide are neutral complexes featuring a linear -conjugated system 
that are used as versatile tools for the preparation of push-pull chromophores with valuable 
optical and electronic properties. Here we report the design and synthesis of a new dye-catalyst 
supramolecular assembly via axial coordination of a cobalt-based H2-evolving catalyst, i.e. a 
cobaloxime complex, to a pyridyl-functionalized Ru-diacetylide photosensitizer. The new 
supramolecular assembly was employed for the construction of NiO-based photocathodes and 
subsequent H2 generation under pertinent aqueous conditions (Figure 1). 
 
Figure 1. Representation of the Ru-diacetylide/Cobaloxime assembly anchored onto a 
mesoporous NiO (nanoparticulate) thin-film. 
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RESULTS AND DISCUSSION 
Synthesis and characterization.  
The synthetic route to the new multicomponent system and the relevant precursors are depicted 
in Scheme 1. Synthesis of the alkynyl ligand bearing the pyridine coordinating group was 
achieved in three steps involving successive Sonogashira coupling reactions and subsequent 
deprotection of the alkyne function to give 3. Then, according to established procedure for the 
synthesis of asymmetric diacetylide complexes featuring the {Ru(dppe)2}
2+ metal center,[41] the 
activation of the terminal alkyne of 3 by the ruthenium-vinylidene moiety 4, described 
earlier,[39]  in the presence of a non-coordinating salt (NaPF6) and a base (Et3N), afforded the 
dialkynyl intermediate 5. The carboxylic acid anchoring functions of 4 were protected with 
silyl-ester groups, i. e. 2-(trimethylsilyl)ethyl (TMSE), in order to avoid side reactions with the 
metal centre during the different organometallic synthesis steps. Subsequent deprotection of the 
silyl-ester groups under mild conditions, using tetrabutyl ammonium fluoride in THF at room 
temperature, afforded the target photosensitizer 6 in good yields. Finally, the reaction of 6 with 
the [Co(dmgBF2)2(OH2)2] (dmg = dimethylglyoxime) cobaloxime 7, afforded the 
supramolecular photocatalytic system 6-Co.  
The Ru-based complexes 5 and 6 were characterized by means of 31P, 1H and 13C NMR, FT-IR 
spectroscopies and HR-MS. The trans-ditopic structure of the metal centre was confirmed by 
the 31P NMR spectrum which shows a singlet for the four equivalent phosphorus atoms, with  
≈ 53 ppm characteristic of the Ru-diacetylide structure.[41-43] Characteristic peaks were observed 
on the infra-red spectra, at ca. 2195 cm-1 for the νC≡C of the ethynylpyridine unit and at ca. 2040 
cm-1 corresponding to the νC≡C stretching vibration of the metal-alkynyl ligands.  
Good quality NMR analysis of 6-Co was impeded by the presence of the paramagnetic CoII 
metal centre. Nonetheless, the infra-red spectrum of 6-Co confirmed the preservation of the 
photosensitizer’s structure as characteristics peaks of the νC≡C stretching vibrations remained 
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unchanged. Additional peaks corresponding to the cobaloxime moiety were observed at 1611 
cm-1 (νC=N), 1012 cm-1 (νN˗O) and 825 cm-1 (νB˗O).  Furthermore, evidence for the formation of 
a coordination complex between 6 and the cobaloxime moiety was afforded by ESI+ HR-MS 
spectrometry (see Figure S1) which shows a peak at 1959.50152 corresponding to de-hydrated 
complex 6-Co – H2O (M – H2O)+ and by electrochemistry (see below). 
Scheme 1. Synthesis route to [Ru-Co] supramolecular assembly.i 
 
iConditions: (a) Trimethylsilylacetylene, PdCl2(PPh3)2, CuI, diisopropylamine, THF; (b) 4-
ethynylpyridine hydrochloride, PdCl2(PPh3)2, CuI, diisopropylamine, THF; (c) K2CO3, MeOH ; (d) 
NaPF6, Et3N, CH2Cl2; (e) TBAF, THF; (f) THF. 
Optical and electrochemical properties.  
UV-visible absorption spectra of the photocatalytic system 6-Co and of the parent 
photosensitizer 6, recorded in THF solution, are presented in Figure 2 and the corresponding 
data are gathered in Table 1. In these spectra, intense absorption bands are observed in the UV 
region, below 300 nm, characteristic of the phenyl substituents of the diphosphine ligands.[42] 
According to previous reports, the intense absorption band centered at ca. 355 nm can be 
attributed to electronic transitions involving the electron-rich triphenylamine ligand.[39] A broad 
absorption band is observed in the visible region with maximum wavelength at 463 nm and  ≈ 
12 000 M-1.cm-1, corresponding  to multiple metal-to-ligand charge transfer (MLCT) transitions 
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involving the {Ru(dppe)2}
2+ metal center. Interestingly, the formation of the photocatalytic 
system through pyridyl-coordination of the cobaloxime moiety to the Ru complex 6 does not 
affect the absorption properties of the photosensitizer. The weak contribution of 7 in the 
electronic absorption spectrum of 6-Co is not discernable from the absorption of the dye and 
no significant electronic transition seems to occur between the {Ru(dppe)2}
2+ metal center and 
the cobaloxime moiety. The zero-zero transition energy was estimated from the onset of the 
absorption spectra, leading to E
0-0
 = 2.25 eV for both 6 and 6-Co. 
    
Figure 2. Absorption spectra of 6, 6-Co and 7 in THF (C ~ 1.10-5 M).   
Table 1. Optical and electrochemical properties. 
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The electrochemical properties of 6-Co and the parent compounds 6 and 7 were investigated 
by cyclic voltammetry in DMF solution (Figure S2), the corresponding data are reported in 
Table 1. The Ru-diacetylide complex 6 shows two reversible mono-electronic processes in the 
anodic region, that can be attributed to the oxidation of the electron-rich -conjugated system 
of the dye, including the {Ru(dppe)2}
2+ fragment. The first oxidation process occurs at + 0.02 
V vs. Fc+/Fc. The cobaloxime 7 shows as well-defined reversible monoelectronic wave in the 
cathodic region, located at – 1.12 V vs. Fc+/Fc and corresponding to the CoIICoI reduction 
process. As expected, the voltammogram of 6-Co displays both contributions of the Ru-based 
photosensitizer and of the cobalt catalyst. In the anodic part, the two oxidation waves are 
conserved, however the first oxidation potential of 6-Co is shifted by 40 mV toward more 
negative potentials upon coordination of the dye to the cobaloxime moiety (Eox 6-Co = – 0.02 V 
vs. Fc+/Fc). Conversely, in the cathodic part, the reduction process involving the Co core is 
shifted to more positive values by 70 mV, Ered 6-Co = – 1.05 vs. Fc+/Fc . This positive shift of 
the reduction potential of a cobaloxime moiety is characteristic of the coordination by a pyridyl 
ligand.[6, 7] Besides, this feature provides good evidence for the formation of the supramolecular 
photocatalytic system 6-Co. In addition a second reduction process is now visible at more 
cathodic potential (Ered2 6-Co = – 2.20 V vs. Fc+/Fc). From these data, we could determine the 
redox properties of the excited state of 6-Co (Table 1) and construct the energy diagram of a 
NiO-based photocathode designed for H2-evolution in water and sensitized by 6-Co, as shown 
in Figure 3. After initial light excitation, very fast hole injection from the dye excited state to 
the NiO valence band is expected to occur; this process was indeed reported to take place on 
sub-ps to a few tens of picosecond timescales for related NiO-based dye-sensitized 
photocathodes.[38,45,46] This will generate at the surface of the film the reduced dye, which is 
then able to reduce the catalytic center by thermal electron transfer. The latter is active for the 
reduction of protons in H2 through a mechanism that involves protonation of the Co
I state of 
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the catalyst to generate a CoIII-H intermediate (6-CoH) and subsequent light-driven reduction 
of this intermediate to a CoII-H species, the protonation of which yields H2 and regenerates the 
initial CoII center.  
 
Figure 3. Energy diagram of a NiO-based photocathode including 6-Co (S stands for the 
sensitizing part of the photocatalytic system, i.e. the Ru-based dye).  
Theoretical calculations. 
Quantum chemical calculations were performed to gain deeper insight into the electron-density 
distribution of the frontier molecular orbitals and to assess the electronic transitions occurring 
upon photoexcitation of the sensitizer 6 and of the photocatalytic system 6-Co.  
The calculated ground-state minimum-energy molecular structures of 6 and 6-Co are shown in 
Figure S3, spatial representations of the corresponding HOMO (Highest Occupied Molecular 
Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) are represented in Figure 4. 
The calculations show that in 6 the HOMO is spread over the whole -conjugated system of 
the dye, including the {Ru(dppe)2}
2+ core and the two acetylide ligands. However, significant 
electron-density is observed on the triphenylamine unit as well as on the two anchoring groups, 
which would favor electron transfers from NiO to the grafted dye.[47] On the other hand, the 
LUMO of the dye is localized on the electron-poor ligand bearing the pyridine ring. Good 
charge separation therefore occurs within this Ru-diacetylide complex. The HOMO in 6-Co 
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retains the same feature as in 6, the electron density being spread over the whole -conjugated 
system, but no density is observed on the cobaloxime moiety and thus, the electronic 
conjugation ends up at the pyridine ring. Interestingly, the LUMO in 6-Co owns electron-
density on the Co atom, and thus the electron transfer from the sensitizer to the catalyst can be 
barrierless in the excited state. As a consequence, the calculations highlight the appropriate 
electronic density distribution of the frontier molecular orbitals in 6-Co, favorable to the 
electron transfer processes occurring within a DS-PEC. 
 
Figure 4. Isodensity surface plots of the HOMO and LUMO of 6 and 6-Co (contour value set 
to 0.005 a.u.). Color legend: C atom green, O atom red, N atom light blue, Ru atom magenta, 
H atom white, S atom yellow, P light purple; isodensity positive and negative values are 
depicted in yellow and cyan, respectively. 
The binding energy relative to the formation of 6-Co according to equation (1) was investigated 
through theoretical calculations. 
6 + 7  6-Co  +  H2O  equation (1) 
The calculated enthalpy of the reaction is ΔH = – 1.14 eV (-110.0 kJ/mol) and the calculated 
Gibbs free-energy of the formation of the system is ΔG = – 0.14 eV (-13.5 kJ/mol). Both values 
indicate that the formation of 6-Co through pyridyl-coordination of the cobaloxime 7 is strongly 
favored. 
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Table 2. TD-DFT calculated electronic properties (CAM-
B3LYP/SDD/6-31G(d)/PCM=THF/H2O).  
 
Ecalc 
/eV a 
calc       
/ nm b 
f  c 
Electronic transition 
assignment d 
6  
(THF) 
2.79 
3.74 
445 
332 
2.023 
0.589 
HOMO    LUMO  (72%) 
HOMO-1   LUMO+1  (37%) 
6  
(H2O) 
2.80 
3.74 
443 
331 
2.013 
0.576 
HOMO    LUMO  (71%) 
HOMO-1   LUMO+1  (36%) 
6-Co 
(H2O) 
2.73 
3.76 
455 
330 
2.180 
0.584 
HOMO    LUMO  (68%) 
HOMO-1   LUMO+3  (35%) 
6-CoH 
(H2O) 
2.67 
3.76 
465 
330 
2.235 
0.585 
HOMO    LUMO  (66%) 
HOMO   LUMO+4  (37%) 
a Ecalc = main transition energy. b calc = calculated max. c f = oscillator 
strength. d Main Kohn-Sham orbital contribution to the electronic 
transition.  
 
The electronic structure corresponding to the minimum energy structures of the dye (6) and the 
dye-catalyst complex (6-Co) were further characterized by means of TD-DFT calculations.  The 
parameters relative to the main photoinduced electronic transitions are given in Table 2. The 
two main transition energies calculated for 6 in THF are in good accordance with the 
experiment, the small deviation being attributable to the large size of the complex and to known 
limitations of TD-DFT for charge-transfer excitation.[48]  The transition assignment reveals that 
the lowest-energy transition, corresponding to calc = 445 nm, owns a major HOMO    LUMO 
character, while the higher-energy transition, corresponding to calc = 332 nm, presents a 
HOMO-1  LUMO+1 character. The calculations give very similar results when carried out 
with H2O as the implicit solvent. The main transition energies calculated for 6-Co in H2O also 
match the experiment, the lowest-energy transition being predicted at calc = 455 nm. 
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Considering the hydrogen evolution reaction (HER) mechanism,[11, 15] the first addition of a 
proton and an electron to the 6-Co complex leads to the formation of a Co-H bond where the 
Co is in a 3+ state (low spin d6, singlet) and the hydrogen has an hydride nature. We 
characterized such complex 6-CoH in water with the same theoretical scheme. The stability of 
this intermediate was computed considering the reaction: 
6-CoH  6 + CoH  equation (2) 
The calculated enthalpy of the reaction (eq. 2) is ΔH = 0.827 eV (79.8 kJ/mol) and the 
corresponding Gibbs free-energy is ΔG = 0.221 eV (21.3 kJ/mol). In this case, the positive 
values of both ΔH and ΔG indicate that upon formation of the Co(III)-H intermediate, the 
dissociation of the dye-catalyst complex is not favored and its stability is retained. 
The structural changes going from 6-Co to 6-CoH involve mainly the Co center, the distance 
between the 6 pyridine N atom and the cobalt goes from 2.310 Å in 6-Co to 2.108 Å in 6-CoH, 
as well the average distance between Co and the cobaloxime N atoms goes from 1.905 Å in 6-
Co to 1.892 Å in 6-CoH. These results are consistent with the shift from the Co(II) in 6-Co to 
the Co(III)-H- specie in 6-CoH. 
TD-DFT calculation were also pursued on such 6-CoH, the reaction intermediate for hydrogen 
evolution reaction (HER).[11, 15] Interestingly the formation of the HER intermediate 6-CoH 
does not affect the optical properties of the photocatalytic system. The two main transition 
energies are conserved with calc = 445 nm and 330 nm, as well as the nature of the frontier 
orbitals involved in the lowest-energy transition which presents a major HOMO    LUMO 
character. These theoretical results highlight two key points for photocatalysis: the 
thermodynamic stability and the light absorbing properties of the dye-catalyst complex before 
each of the two H+/e- transfer steps of the HER mechanism.  
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Electrode preparation and characterization – XPS analyses 
The photocatalytic system 6-Co was then used to prepare a photocathode for H2 evolution based 
on F108-templated mesoporous NiO films.[37]  Sensitization was achieved by soaking the 
semiconducting porous layer in a DMF solution of 6-Co (0.5 mM) for 24 h at RT. The 
absorption spectrum of the sensitized electrode is depicted in Figure S5. An increase of 
absorption is observed in the 350-500 nm wavelength region as expected. The amount of dye-
loading on the photoelectrode was quantified by dye desorption under mild conditions using a 
phenylphosphonic acid solution (1 M in DMF).[49] The estimated quantity of dye on the 1-µm 
thick NiO film was estimated to be about 6.2 nmol.cm-2, which is in the same range as those 
determined in previous studies using similar electrodes.[39, 40] 
The presence of Ru and Co atoms at the surface of NiO electrodes sensitized with either 6 or 6-
Co was further investigated through X-ray photoelectron spectroscopy (XPS) analyses. The 
study was extended to pristine powders of 6, 7 and 6-Co for comparison (Figure S6). The survey 
spectrum of pristine 6-Co shows peaks of Ru3p3, Co2p, C1s, O1s, N1s, S2p and S2s, P2p and 
P2s, F1s and B1s. This spectrum is fully consistent with the XPS surveys of 6 and 7, and 
confirms the presence of expected chemical elements for 6-Co. After chemisorption of 6-Co 
onto NiO, the survey spectrum of the resulting material 6-Co@NiO (Figure S7) shows the same 
features, along with those of NiO i.e. peaks attributed to Ni2p photoelectrons and NiLMM 
Auger, but also additional information such as an increase of C, presence of N, S and P. High-
resolution core level spectra were recorded to further characterize the electrodes. The presence 
of the Ru metallic centers in 6@NiO and 6-Co@NiO is mainly confirmed by the signals of 
Ru3d5/2 level in the 280-282 eV region, which is characteristic of Ru(II) species.
[50, 51]. Fitted 
C1s-Ru3d3/2-Ru3d5/2 spectra of 6-Co@NiO are shown in Figure 5a. 
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Figure 5. XPS core level spectra of 6-Co@NiO in the Ru3d–C1s (a) and Co2p (b) core regions. 
Finally, a broad band at 770-780 eV corresponding to Ni LMM Auger was detected in the 765-
810 eV region for bare NiO and 6@NiO (Figure 5b). By contrast, new features at 780 eV and 
796 eV, typical of Co 2p3/2 and Co 2p1/2 levels, along with the broad band at 770-780 eV were 
observed for 6-Co@NiO. These results are fully consistent with the presence of Co(II) metal 
centers at the surface of the NiO electrode sensitized by 6-Co.[31, 37] 
As a consequence, XPS data clearly evidence the successful chemisorption of 6-Co onto NiO 
electrodes. 
Photoelectrochemical properties  
The photoelectrochemical properties of the 6-Co@NiO photocathode were finally evaluated in 
aqueous solution (acetate buffer, pH 4.5). Linear sweep voltammograms were recorded in the 
dark and under visible-light irradiation (Figure S8). As expected a cathodic photocurrent is 
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observed under light with a density of c.a. 5.6 µA. cm-2 at + 0.07 V vs. RHE (– 0.4 V vs. 
Ag/AgCl). This behavior is due to photoinduced electron transfers from the p-type semi-
conductor NiO, to the cobaloxime catalyst, through excitation of the sensitizer part in 6-Co.  
Chronoamperometric measurements were performed under chopped-light at different applied 
potentials (+ 0.47 V, + 0.27 V, + 0.07 V vs. RHE) over a period of 10 minutes showing steady-
state cathodic photocurrent generation (Figure S9). The maximum magnitude was obtained at 
the most cathodic potential, i.e. + 0.07 V vs. RHE (– 0.4 V vs. Ag/AgCl), with a photocurrent 
density of ca. 3.2 µA. cm-2 (Figure 6). Interestingly, the traces recorded for the electrodes 
sensitized with 6-Co display cathodic photocurrent spikes when light is switched on (Figures 6 
and S9), which is not observed in the absence of catalyst (6-sensitized film, orange trace in 
Figure 6). These spikes are attributed to a relatively slow proton reduction kinetics at the cobalt 
center, leading to charge accumulation at the electrode/electrolyte interface before reaching an 
equilibrium state, in which catalytic H2 production consumes photogenerated charges. This is 
confirmed by the absence of any reverse anodic spike (Figure 6), when light is switched off. 
Actually, at the most positive potential (+0.47 V vs RHE in Figure S9), catalysis is slower 
(lower photocurrent density) and the cathodic spikes are much more intense. This results in a 
higher amount of accumulated charges which cannot all be consumed by catalytic H2 evolution, 
as evidenced by the presence of small anodic spikes when light is switched off. A similar 
behaviour was previously observed for a related cobaloxime-based photocathode.[36] 
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Figure 6. Chronoamperometric measurements under chopped-light using NiO electrodes 
sensitized with 6-Co (red line) or 6 only (orange line) in acetate buffer (0.1 M, pH 4.5) at an 
applied potential of + 0.07 V vs. RHE (– 0.4 V vs. Ag/AgCl) under visible-light irradiation 
(400-800 nm, 65 mV.cm-2, 1 sun).  
 
Thus, photoelectrochemical H2 evolution was investigated by long-term electrolysis (Figure 
S10) at an applied potential of + 0.07 V vs. RHE (– 0.4 V vs. Ag/AgCl) in acetate buffer (0.1 
M, pH 4.5) under visible-light irradiation (400-800 nm, 65 mW.cm–2, equivalent to 1 sun 
irradiation). The cathodic charge passed through the photoelectrode during the course of the 
electrolysis was Q = 78 mC over a period of 4h30. Gas chromatographic analysis of the 
headspace confirmed the photo-electrochemical generation of H2 with a faradaic yield of 27 %. 
This yield is relatively low but is in the range of state-of-the-art NiO-based dye-sensitized H2-
evolving photocathodes.[30] Competing reactions, such as the NiO reduction,[37,52] or reduction 
of the oxygen formed in the anodic compartment (which might diffuse during the course of 
long-term experiments), might be considered. A slow decrease of the photocurrent (from 2.5 
to 1 A.cm-2) is also observed during the course of the 4.5 hours measurement, which can be 
attributed – at least partly – to some leaching of the dye-catalyst assembly in the electrolyte. 
Control experiment using a NiO-electrode sensitized with 6 only confirmed steady-state 
photocurrent generation however with a slightly lower magnitude, ca. 2.2 µA. cm-2 at + 0.07 V 
vs. RHE (Figure 6). The absence of cathodic spikes (orange trace in Figure 6) underlines that 
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the recorded photocurrent corresponds to a distinct and competitive faradaic process.  Long-
term electrolysis over a period of 5h30 indeed led to a cathodic charge of Q = 144 mC however 
with almost no H2 detected in the headspace (0.3% FY).  This small amount of H2 may be 
catalyzed by in situ light-driven formation of Ni nanoparticles, as previously described[52] and 
also observed by XPS in a similar system.[37] This experiment confirms that the photocatalytic 
system 6-Co is the active species for H2 evolution in our NiO-based DS-PEC. 
The observation of catalytic H2 evolution with NiO-grafted 6-Co confirms previous reports on 
photoelectrochemical systems containing a pyridine-coordinated cobaloxime catalyst[27, 28, 36] 
and indicates that the cobaloxime moiety remains bound to the photosensitizer despite a 
potentially weak Co-N(pyridine) coordination linkage. In particular, work by Wasielewski et 
al.[53]  demonstrated fast dissociation of the reduced cobaloxime moiety from photosensitizer 
upon excitation in a pyridyl-xylene-1,8-naphthalimide-cobaloxime assembly. However, recent 
work from our group allowed to conclude that pyridine ligand likely remains coordinated to 
Co(I) at least at the timescale of cyclic voltammetry.[54] Furthermore, DFT calculations reveal 
that protonation of the Co(I) intermediate forms a Co(III)-H species with strong affinity with 
pyridine ligands and support catalytic H2 evolution at the surface of the dye-sensitized NiO 
photoelectrode. 
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CONCLUSION 
This study demonstrates that dyes with an original -conjugated structure including the 
[Ru(dppe)2] metal fragment with -alkynyl ligands bearing donor and acceptor groups, i.e. a 
triphenylamine donor unit and a thiophene-ethylnylpyridine acceptor group are suitable for the 
construction of efficient photoelectrodes for H2 evolution from water after grafting onto NiO 
substrates and combination with cobaloximes through Co-coordination of their pyridine 
function. The photoelectrochemical performances proved similar to previously reported 
molecular photocathodes at neutral pH in phosphate buffer, showing that this family of 
sensitizers can rival with the prototypical ruthenium tris-diimine dyes in that context,[27, 28, 36] 
while providing more versatility in terms of synthesis and combination of various donor and 
acceptor functions. Further work will target the optimization of the light-harvesting properties 
of such chromophores as well as their combination with novel p-type transparent materials such 
as delafossites CuGaO2
[55] and CuCrO2,
[30] which already proved promising in this context. 
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EXPERIMENTAL SECTION 
Materials and methods. The reactions were carried out under inert atmosphere using the 
Schlenk techniques. Solvents were dried from appropriate drying agents (sodium for pentane, 
diethyl ether and THF; calcium hydride for dichloromethane, chloroform and methanol) and 
freshly distilled under nitrogen before use. All reagents were obtained from commercially 
available sources and used without further purification. Compounds 4 and 7 were synthesized 
according to reported procedures. [39, 56] 
1H NMR, 13C NMR and 31P NMR analyses were performed on Bruker Avance I 300 MHz, 
Avance II 400 MHz and Avance III 600 MHz spectrometers. Chemical shift values are given 
in ppm with reference to solvent residual signals.[57 ] HR-MS analyses were performed by the 
CESAMO and IECB platform (Bordeaux, France). Field desorption (FD) measurements were 
carried out on a TOF mass spectrometer AccuTOF GCv using an FD emitter with an emitter 
voltage of 10 kV. One to two microliters solution of the compound were deposited on a 13µm 
emitter wire. FT-IR spectra were recorded on a Perkin Elmer Spectrum 100 spectrometer using 
KBr pellets. UV-visible absorption spectra were recorded on a UV-1650PC SHIMADZU 
spectrophotometer.  
Cyclic voltammetry analyses were performed using a potentiostat/galvanostat Autolab 
PGSTAT100 and a three-electrode system (working electrode: Pt disc; reference electrode: 
Ag/AgCl, calibrated with ferrocene as internal reference; counter electrode: Pt) with 0.1M 
Bu4NPF6 as salt support at a scan rate of 100 mV.s
-1.  
XPS surface analysis were realised using a ThermoFisher Scientific K-ALPHA spectrometer 
with a monochromatized AlKα source (hν=1486.6eV) and a 400 microns X-Ray spot size. A 
pressure of 10-7 Pa was applied in the chamber when transferring the samples coated onto 
indium foil for the powders or maintained by aluminium tape for the electrodes. The full survey 
spectra (0-1100 eV) were obtained with a constant pass energy of 200eV and high resolution 
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spectra at a constant pass energy of 40eV. Charge neutralization was applied during analysis. 
High resolution spectra (i.e. C1s-Ru3d, O1s, N1s, B1s, F1s, S2p, P2p, Ni2p, Co2p) were 
quantified and/or fitted using the AVANTAGE software provided by ThermoFisher Scientific 
(Scofield sensitivity factors used for quantification). 
Synthesis of 1. 5,5’-Dibromo-2,2’-bithiophene (1.00 g, 3.09 mmol, 1 eq.), PdCl2(PPh3)2 
(108.3 mg, 0.15 mmol, 5%) and copper(I) iodide (14.7 mg, 0.077 mmol, 2.5%) were 
introduced in a Schlenk flask under nitrogen and dissolved in a mixture of 
diisopropylamine (20 mL) and dry THF (20 mL). Ethynyltrimethylsilane (TMSA) (0.39 
mL, 2.8 mmol, 0.9 eq.) was subsequently added into the Schlenk flask. The suspension 
was stirred at RT for 1 h. Then the reaction mixture was poured into pure water and the 
solution was extracted with hexane. The crude product was evaporated to dryness and 
purified on silica gel column (hexane) to give 1 as an earth yellow powder in 50 % yield 
(0.48 g, 1.41 mmol). 1H NMR (300 MHz, CD2Cl2): δ = 7.12 (d, 1H, 3JHH = 3.83 Hz), 
7.00 (d, 1H, 3JHH = 3.89 Hz), 6.98 (d, 1H, 
3JHH = 3.83 Hz), 6.95 (d, 1H, 3JHH = 3.89 Hz), 
0.25 (s, 9H). 13C NMR (75 MHz, CD2Cl2): δ = 138.45, 138.03, 133.86, 131.33, 124.90, 
124.09, 122.71, 112.06, 100.86, 97.23, 0.15. 
Synthesis of 2. Compound 1 (0.758 g, 2.22 mmol, 1 eq.), 4-ethynylpyridine 
hydrochloride (0.3719 g, 2.66 mmol, 1.2 eq.), PdCl2(PPh3)2 (77.9 mg, 0.11 mmol, 5%) 
and copper(I) iodide (10.6 mg, 0.056 mmol, 2.5%) were introduced in a Schlenk flask 
under nitrogen and dissolved in a mixture of diisopropylamine (15 mL) and dry THF (15 
mL). The solution was stirred at RT for 24 h. After evaporation of the solvent, the 
mixture was dissolved with ethyl acetate and washed with water. The resulting crude 
product was evaporated to dryness and purified on silica gel column (ethyl 
acetate/pentane (8:2, v/v)) to give 2 as a yellow powder in 79 % yield (0.636 g, 1.75 
mmol). 1H NMR (300 MHz, CD2Cl2): δ = 8.59 (s, 2H), 7.37 (d, 2H, 3JHH = 5.80 Hz), 
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7.28 (d, 1H, 3JHH = 3.88 Hz), 7.15 (d, 1H, 
3JHH = 3.86 Hz), 7.13 (d, 1H, 
3JHH = 3.88 Hz), 
7.09 (d, 1H, 3JHH = 3.85 Hz), 0.25 (s, 9H). 
13C NMR (75 MHz, CD2Cl2): δ = 150.22, 
139.77, 137.99, 134.76, 133.98, 131.04, 125.39, 124.74, 123.34, 121.57, 114.17, 101.27, 
97.19, 92.18, 87.11, 0.16.  
Synthesis of 3. Compound 2 (0.513 g, 1.41 mmol, 1 equiv.) and potassium carbonate 
(0.019 g, 0.14 mmol, 0.1 eq.) were dissolved in distilled methanol (25 mL) under 
nitrogen. The mixture was stirred at RT for 24 h before being poured into water. The 
organic phase was recovered with ethyl acetate and evaporated to dryness. The crude 
product was purified by chromatography on silica gel (ethyl acetate/pentane (8:2, v/v)) 
to afford 3 as an orange powder in 72 % yield (0.2976 g, 1.02 mmol). 1H NMR (300 
MHz, CD2Cl2): δ = 8.60 (m, 2H), 7.37 (m, 2H), 7.29 (d, 1H, 3JHH = 3.83 Hz), 7.21 (d, 
1H, 3JHH = 3.82 Hz), 7.14 (d, 1H, 
3JHH = 3.91 Hz), 7.11 (d, 1H, 
3JHH = 3.87 Hz), 3.51 (s, 
1H). 13C NMR (75 MHz, THF-d8): δ = 150.72, 139.83, 138.21, 135.19, 134.64, 130.86, 
125.35, 125.18, 122.88, 121.88, 117.80, 92.49, 86.76, 84.76, 76.78.  
Synthesis of 5. Compounds 4 (0.500 g, 0.31 mmol, 1 eq.), 3 (0.106 g, 0.37 mmol, 1.2 eq.) 
and NaPF6 (0.102 g, 0.61 mmol, 2 eq.) were dissolved in dry CH2Cl2 under nitrogen 
atmosphere. Et3N (0.17 mL, 1.22 mmol, 4 equiv.) was subsequently added and the 
suspension was stirred at RT for 36 h. The reaction mixture was then diluted with CH2Cl2 
and washed with pure water. The organic phase was evaporated to dryness. The resulting 
solid was washed with pentane and dried under reduced pressure to afford 5 as a red 
powder in 74 % yield (0.393 g, 0.23 mmol). 31P NMR (120 MHz, CD2Cl2): δ = 52.5.  
1H NMR (300 MHz, CD2Cl2): δ = 8.59 (m, 2H), 8.00-6.79 (m, 56H), 4.39 (m, 2H), 2.51 
(m, 8H), 1.12 (m, 2H), 0.08 (s, 9H). 13C NMR (200 MHz, THF-d8): δ = 204.17, 195.29, 
166.97, 165.93, 150.69, 135.17, 134.69, 131.93, 131.84, 131.69, 131.57, 131.35, 129.48, 
129.26, 127.80, 126.66, 126.42, 125.21, 124.96, 122.81, 122.39, 118.82, 117.92, 110.00, 
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91.81, 87.80, 67.78, 63.15, 62.85, 54.62, 31.99, 30.16, 17.94, 1.12, -1.62. HR-MS FD+ 
(m/z): 1744.4719 [M]+ (calcd. 1744.4213 for [C101H94N2O4P4RuS2Si2]
+). FT-IR (KBr): 
νC≡C = 2196 cm-1, νC≡C = 2040 cm-1, νC=O = 1709 cm-1, νP-Ph = 1099 cm-1, νSi-C = 836 cm-
1. 
Synthesis of 6. To a solution of 5 (470 mg, 0.27 mmol, 1 eq.) in dry THF (50 mL) and 
under inert atmosphere was added TBAF (1M sol. in THF, 1.08 mL, 1.08 mmol, 4 eq.). 
The reaction mixture was stirred at RT for 24 h. After removal of the solvent the resulting 
solid was dissolved in CH2Cl2 and thoroughly washed with degassed citric acid aqueous 
solution (10 % m) and then pure water. The organics were evaporated to dryness to 
afford 6 as a dark red powder in 69 % yield (0.288 g, 0.19 mmol). 31P NMR (120 MHz, 
CD2Cl2): δ = 52.9. 1H NMR (300 MHz, THF-d8): δ = 10.82 (s, 2H), 8.56 (m, 2H), 7.97-
6.85 (m, 60H), 2.47 (m, 8H). 13C NMR (100 MHz, THF-d8): 166.21, 165.98, 151.02, 
150.29, 150.02, 142.08, 141.11, 137.17, 136.76, 134.42, 133.92, 131.93, 132.35, 131.20, 
131.11, 131.03, 130.85, 130.70, 129.74, 128.67, 128.47, 128.30, 127.86, 126.98, 126.34, 
125.82, 125.56, 124.97, 124.64, 124.56, 124.42, 124.19, 123.73, 123.61, 123.50, 122.00, 
121.57, 29.74. HR-MS FD+ (m/z): 1544.2713 [M]+ (calcd. 1544.2794 for 
[C91H70N2O4P4RuS2]
+). FT-IR (KBr): νC≡C = 2195 cm-1, νC≡C = 2039 cm-1, νC=O = 1709-
1701 cm-1, νP-Ph = 1099 cm-1. 
Synthesis of 6-Co. To a solution of 6 (30.8 mg, 0.02 mmol, 1 eq.) in dry THF (10 mL) 
and under inert atmosphere was added 7 (8.7 mg, 0.02 mmol, 1 eq.). The reaction mixture 
was stirred at RT for 4 h. After removal of the solvent, the resulting solid was further 
dried under vacuum to afford 6-Co as a dark red powder in quantitative yield (39 mg). 
31P NMR (120 MHz, CD2Cl2): δ = 52.9. HR-MS ESI+ (m/z): 1959.5015 [M-H2O]+ (calcd. 
1959.3553 for [C101H88B2CoF4N6O8P4RuS2]
+). FT-IR (KBr): νC≡C = 2194 cm-1, νC≡C = 
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2039 cm-1, νC=O = 1714-1684 cm-1, νC=N = 1611 cm-1, νP-Ph = 1098 cm-1, νN-O = 1012 cm-
1, νB-O = 825 cm-1.  
Computational details.  
The theoretical calculations were all carried out with the Gaussian09 quantum chemistry 
package.[58] All the ground state properties, i.e. minimum-energy structures, molecular 
frequencies and thermochemical data, were computed with the widely employed B3LYP hybrid 
density functional.[59] SDD effective core potentials for Ru and Co were employed together 
with the corresponding SDD basis sets.[60] For all the other atoms we employed the 6-31G(d,p) 
basis set.[61] Considering the large size of the system, this level of theory ensured the best 
compromise between accuracy and computational burden. The excited state properties have 
been computed with CAM-B3LYP long-range corrected hybrid density functional[62] that has 
been proven to be very effective for modeling vertical excitation with a Charge-Transfer 
character. In all the ground and excited states calculations we took into account the solvent 
medium (THF and water) by means of the Polarizable Continuum Model (PCM) of implicit 
solvation,[63] with the default parameters as implemented in Gaussian09.  
Electrode preparation method. 
F108-templated NiO films were spin coated onto FTO/glass substrates (Solems, TEC 7, sheet 
resistance 7Ω·□-1) as previously reported.[25]   NiO films sensitization was achieved by soaking 
the electrodes in DMF solutions of 6 or 6-Co (0.5 mM) for 24 h at room temperature on an 
orbital stirring table. The electrodes were rinsed with DMF and CH3CN, and dried in air. 
Electrochemical and photoelectrochemical measurements.  
Electrochemical and photoelectrochemical data were acquired with a Biologic VSP 300 
potentiostat. Electrochemical measurements were conducted in a 3-electrode cell. The working 
electrode was a glassy carbon electrode in the reduction potential window and a Pt one in the 
oxidation potential window. The reference electrode was made of a Ag/AgCl wire dipped into 
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a KCl 3 M solution, separated from the supporting electrolyte by a Vycor® frit, and denoted 
below as Ag/AgCl. The counter electrode was a Pt wire. The supporting electrolyte was 0.1 M 
nBu4NPF6 in dry DMF. The supporting electrolyte was degassed with a flow of N2 at least for 
5 min before the measurements. The N2 flow was removed from the solution but let in the 
headspace of the cell for the duration of the experiment. The concentration of the compound of 
interest was 1 mM. Cyclic voltammograms were typically recorded at a scan rate of 100 mV·s-
1. The potential of the reference electrode was calibrated after each experiment by adding in 
the supporting electrolyte an internal reference (ferrocene for organic solvent, K4FeCN6 for 
aqueous solution), the potential of which was measured against the Ag/AgCl reference (0.43V 
for ferrocene and 0.24V for K4FeCN6). 
Irradiation was carried out with a 300W ozone-free Xe lamp (Newport) operated at 280 W and 
mounted with a water-filled Spectra-Physics 6123NS liquid filter for elimination of IR (λ > 800 
nm) irradiation and a Spectra-Physics 59472 UV cut-off filter (λ < 400 nm). The power density 
was calibrated using a Newport PM1918-R power-meter. The photocurrent measurements were 
carried out in a specifically designed three-electrode cell, using the NiO-sensitized film as the 
working electrode (3 to 3.5 cm2), Ag/AgCl as the reference electrode and a Pt wire as the 
counter electrode. The counter electrode compartment was separated from the cathodic one by 
a Vycor® frit. The supporting electrolyte was a 0.1 M Sodium Acetate buffer at pH 4.5. The 
solution was degassed with nitrogen for 30 minutes prior to use. In a typical experiment, the 
volume of supporting electrolyte was 4.0 mL and the headspace was 2.4 mL. The photocathode 
was illuminated with a power density of 65 mW∙cm-2 (ca. one sun). The amounts of evolved 
hydrogen were determined by sampling aliquots of the headspace in a Perkin Elmer Clarus 580 
gas chromatograph equipped with a molecular sieve 5 Ǻ column (30 m  – 0.53 mm) and a TCD 
detector.  
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